
Reservoir Sedimentation and Environmental Degradation: Assessing Trends in
Sediment-Associated Trace Elements in Grenada Lake, Mississippi

Sean J. Bennett* and Fred E. Rhoton

ABSTRACT
Sediments impounded within flood control reservoirs are poten-

tially important archives of environmental and geomorphic pro-
cesses occurring within drainage basins. The concentrations of select
sediment-associated trace elements were assessed within the im-
poundment of Grenada Lake, a relatively large flood control reservoir
in Mississippi with a history of contaminant bioaccumulation in fish.
The post-construction sediments (after 1954) are discriminated from
the pre-construction sediments (before 1954) based on depth varia-
tions in sediment texture and 137Cs emissions. The concentrations of
select trace elements of the post-1954 sediments all are statistically
greater than the pre-1954 sediments, and these same sediments also
are enriched in clay. Once these concentrations are normalized by clay
content, all trace elements in the post-1954 sediments are lower in
concentration than the pre-1954 normalized sediments. Moreover, the
trace elements when normalized by clay or Al content show virtually
no change vertically (over time) within the reservoir impoundment.
This suggests that the sources of these sediment-associated trace
elements within Grenada Lake, whether natural or anthropogenic,
have not changed appreciably over the lifespan of the reservoir and
that the degradation of sedimentologic and ecologic indices within the
lake are due to the sequestration of clay or clay-sized materials.

THERE are more than 75 000 dams in the continen-
tal USA whose associated reservoirs are effective

traps for the incoming sediment loads (Dendy, 1968;
McHenry, 1974). Because of this trapping ability, reser-
voirs have the unique capacity for recording variations
in sediment loadings and sediment-associated water
quality parameters within the drainage basin. These
sediment impoundments have proven to be important
environmental “archives” of changes in watershed land
use, sediment and water quality, and pollutant and nu-
trient loadings (Foster and Lees, 1999; Menounou and
Presley, 2003; Hambright et al., 2004; Van Metre and
Mahler, 2004, 2005; Shotbolt et al., 2005). Often the
source of the contamination and its expression in the
reservoir sediments is unambiguous.
Grenada Lake is a relatively large flood-control res-

ervoir located in north-central Mississippi built by the
U.S. Army Corps of Engineers in 1954 (Fig. 1). This
reservoir has much societal interest due to its recrea-
tional opportunities, its pollution history, and its geo-
morphic setting. First, Grenada Lake provides sport
fishing opportunities for the local population and na-

tional organizations (on-site tournaments organized by
Crappie USA, Ltd. and Bass Pro), with 405 000 h of
fishing recorded on the lake in 2005 with over 203 tonnes
of harvested fish (85% was crappie; Mississippi Depart-
ment of Wildlife, Fisheries, and Parks, 2006). Second,
Grenada Lake and its tributaries have fish consump-
tion advisories for largemouth bass, catfish, carp, buf-
falo, and gar due to bioaccumulated mercury, DDT, and
toxaphene (Mississippi Department of Environmental
Quality, 2001), and residual and current use agrichemi-
cals have been detected in the sediment impoundment
(Cooper et al., 2002; Bennett and Rhoton, 2003). Third,
this region has some of the highest soil erosion rates in
the USA (Langdale et al., 1985; Rhoton et al., 1990), and
this watershed (the Yalobusha River basin) has a long
history of channelization, excessive stream channel ero-
sion, streambank instability, and high sediment yields
(Simon and Thomas, 2002; Simon et al., 2004).

Recent work in Grenada Lake and a nearby reservoir
has substantiated this concern of bioaccumulation of
trace elements in fish. In Grenada Lake, buffalo (big-
mouth and black), catfish (blue, channel, and flathead),
common carp, creek chubsucker, largemouth bass, and
green sunfish contained relatively high concentrations
of As (2.248 mg/kg) and Hg (0.351 mg/kg) of all fish
surveyed (21 species) (Cooper et al., 2003). In Enid
Lake, a similar US Army Corps of Engineers flood-
control reservoir built in 1951 and located about 45 km
directly north of Grenada Lake, mean (SD) concentra-
tions of Hg in fish were 0.634 (0.453) mg/kg for carp,
0.820 (0.567) mg/kg for catfish, 1.690 (0.100) mg/kg for
black crappie, 1.400 (0.300) mg/kg for largemouth bass,
and 1.890 (0.307) mg/kg for gar (Huggett et al., 2001).
The Hg concentrations in these black crappie, large-
mouth bass, and gar exceed the Food and Drug Ad-
ministration’s 1.0 mg/kg action level. Based on limited
data, the concentrations of Hg in the near-surface lake
sediments were 0.133 mg/kg (Huggett et al., 2001) and
0.069 mg/kg (Cooper et al., 2002) for Grenada Lake and
were 0.088 and 0.154 mg/kg for Enid Lake (Huggett
et al., 2001). Several residual agrichemicals were ob-
served in the fish of Grenada Lake (Cooper et al., 2003),
but the concentrations in these fish samples were below
the Food and Drug Administration’s action level.

Because Grenada Lake has been in operation for over
50 yr within a highly erosive landscape with a clear leg-
acy of contamination issues, the present work sought
to characterize the concentrations of select environ-
mentally important trace elements within the reser-
voir impoundment. The objectives of the present work
were (i) to quantify the chemical characteristics of the
sediment impounded within the reservoir, specifically
sediment-associated trace elements; (ii) to determine
if these trace elements concentrations are similar to
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values obtained from in situ (preexisting) sediment
samples; and (iii) to ascertain if these trace elements
display any trends vertically (temporally) within the im-
poundment since dam construction.

EXPERIMENTAL SECTION

Field Location

Grenada Lake has a flood storage capacity of 1.605 km3

and covers an area of 261.6 km2 (Fig. 1). The elevation of the
pool at flood control is 70.4 m, and the annual drawdown
elevation is 58.8 m. This annual drawdown could lead to sedi-
ment remobilization within the impoundment (Shantz et al.,
2004). Grenada Lake has two major tributary sources. The
Yalobusha River is a fourth-order stream system with an up-
stream drainage area of 1530 km2 and a current land-use of
60% forest, 30% pasture, and 10% cropland. The Skuna River
is a fourth-order stream system with an upstream drainage
area of 1127 km2. Compared with the Yalobusha River basin,
it is a more stable fluvial system, and the primary land use is
forest. Both watersheds reside in the Upper Coastal Plain soil
resource area, where the soils tend to be acidic, highly
weathered, and loamy to sandy in texture and are derived
from sandstone and shale parent materials (Pettry and Switzer,
2001). The mean annual rate of precipitation in this region
is 1372 mm.

Sampling

Fifty sediment cores (numbered 1 to 50) were collected in
Grenada Lake with a vibracoring system. Only select cores
are presented here. This system is comprised of a 1-HP mo-
tor that drives a pair of weights eccentrically mounted on
two shafts housed within a watertight aluminum chamber
(Bennett et al., 2002). Up to 2.5 m of sediment typically were
collected during periods when lake levels were less than 12 m
deep. All recovered cores were sealed and returned to the
laboratory. Their locations were noted using a GPS receiver
with differential corrections applied, and their water depths
were recorded. The sealed cores were placed horizontally

within a refrigerated storage facility for as long as 1 mo be-
fore processing.

Select cores were chosen for further analysis (see below).
These cores were chosen based on the quality of the recovery,
the integrity of the core on delivery to the laboratory and
its subsequent storage on site, and the requirement for ade-
quate spatial representation within the basin.

Sediment Analysis

In the laboratory, each core was opened and sampled at
0.1-m increments. Bulk density was determined by weighing
oven-dried samples of known core volumes. Particle size
analysis was conducted on 20 cores (1, 2, 6, 8, 12, 16, 21, 22, 24,
27, 31, 34, 35, 36, 37, 43, 44, 46, 48, and 50) (Fig. 1). For this
analysis, approximately 10 g of sediment was oven-dried at
70jC, crushed and sieved to less than 2 mm, treated with H2O2

to remove organic matter, and shaken overnight in Na6(PO3)6
for complete dispersion. Total clay (,2 mm) was determined
by the pipette method (Soil Survey Staff, 1992). Total sand
(2000–53 mm) was determined by wet sieving the dispersed
sample through a 53-mm sieve and weighing the oven-dried
fraction. Total silt (53–2 mm) was calculated by subtracting the
sand and clay fractions from the original sample weight.

Five cores were analyzed for radioactive cesium (137Cs;
30-yr half-life) for dating stratigraphic horizons (22, 43, 46, 48,
and 50) (Fig. 1). In the Northern Hemisphere, first deposi-
tion of 137Cs occurred in 1954 6 2 due to above-ground nu-
clear testing, and maximum deposition occurred in 1964 6 2
(Ritchie and McHenry, 1990). Approximately 50 g of dried,
crushed, and sieved (2-mm) sediment samples, collected at
0.1-m increments from each core, were used for this analy-
sis. All samples and the bulk sediment density data were sent
to Flett Research Ltd., Winnipeg, Canada for analysis. The de-
tection limit for a period of 80 000 s using an Ortec GEMHigh
Purity Germanium Coaxial detector is typically 0.5 DPM/g
(detections per minute per gram) for a 10-g sample, and typical
SDs for the measured 137Cs emissions presented here were
about 0.08 pCi/g.

The bulk chemistry of sediment samples was determined
for 17 cores (1, 2, 6, 8, 12, 16, 21, 22, 24, 27, 31, 34, 35, 36, 37, 43,
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Fig. 1. Location map of Grenada Lake, MS, showing the outline of conservation pool, the Skuna River and Yalobusha River arms of the
lake, numbered locations of select sediment cores (Cores 12 and 46 were obtained in the same location), and its relative position within
Mississippi (inset).

R
e
p
ro
d
u
c
e
d
fr
o
m

J
o
u
rn
a
l
o
f
E
n
v
ir
o
n
m
e
n
ta
l
Q
u
a
lit
y
.
P
u
b
lis
h
e
d
b
y
A
S
A
,
C
S
S
A
,
a
n
d
S
S
S
A
.
A
ll
c
o
p
y
ri
g
h
ts

re
s
e
rv
e
d
.

816 J. ENVIRON. QUAL., VOL. 36, MAY–JUNE 2007



and 48) (Fig. 1). Approximately 5 g of oven-dried, crushed
sediment obtained from discrete layers were sent to Activa-
tion Laboratories, Ontario, Canada for analysis (ISO 17025
and CAN-P-1579 accredited). A subsample was digested us-
ing four acids (HF, HClO4, HNO3, and HCl; a near-total
digestion process) and analyzed for 48 elements using an in-
ductively coupled plasma spectrometer and for Hg using cold-
vapor atomic absorption. The elements, their detection limits,
and their analytical error (relative SD) as compared to certi-
fied standards and sample duplicates, respectively, include Al,
0.01% (695.9% 6 11.4%); As, 0.5 mg/kg (62.1%), N.A.;
Cr, 2 mg/kg (62.8%), N.A.; Cu, 1 mg/kg (68.7%,65.3%); Hg,
5 mg/kg (63.3%, 67.3%); Pb, 3 mg/kg (619.8%, 614.6%);
and Zn, 1 mg/kg (64.2%, 69.9%).

Statistical Analysis

Statistical tests were performed on select data using
appropriate software and guidelines (SPSS Inc., Chicago, IL)
(Rogerson, 2006). Two-sample t tests were performed on select
trace element populations for the comparison of their means,
with F tests performed to assess if the populations have equal
variances; the null hypothesis was that the means of the pop-
ulations were equal (probability p is reported). Pearson’s cor-
relation coefficients (r) were determined for paired datasets,
and their significance was assessed using t tests (both r and
p are reported); the null hypothesis was that the true corre-
lation coefficients were zero. A nonparametric test (Kendall’s
t and its probability p are reported) was used to assess verti-
cal (temporal) trends in the trace element concentration
data within individual cores; the null hypothesis was that there
is no association between trace element concentration and
core depth.

RESULTS AND DISCUSSION
Discriminating Postimpoundment Sedimentation
The geochronologic results obtained for Cores 22, 48,

and 50 are plotted in Fig. 2 alongside the variation in
sediment texture. These cores show well defined peaks
in 137Cs activity, which can be interpreted as the 1964 6
2 timeline (similar trends were observed in Cores 43 and
46; see Bennett et al., 2005). The reduced activities at
depths greater than about 0.7 m correspond to dates
earlier than this time (i.e., before dam construction).
These timelines also correlate with variations in sedi-
ment texture with depth. The postimpoundment sedi-
ments are markedly enriched in clay (increasing from
about 40 to 75% by mass) and depleted in silt (de-
creasing from about 60 to 25% by mass) as compared
with the sediment located stratigraphically lower within
these cores (Fig. 2). Of the 20 cores analyzed for sedi-
ment texture, 15 (75%) showed this postimpoundment
enrichment of clay and depletion of silt, three cores
(15%) showed some clay enrichment (Cores 2, 37, and
43), one core (5%) showed vertical variations in silt and
sand content but not clay (Core 35), and one core (5%)
showed no vertical change in texture (Core 6 remained
silt dominated). Thus, since dam construction, the sedi-
ment trapped within the reservoir has been pre-
dominantly composed of clay-sized sediment, which is
markedly different from the silt-rich sediment of the
preexisting material.

For cores with chemical data but no obvious trend
in sediment texture (Cores 2, 6, 35, and 37) and hence
no reliable way to locate the 1954 timeline stratigraphi-
cally, timelines were determined by the inverse distance
weighting method (Isaaks and Srivastava, 1989). The
unknown depth of the 1954 timeline t for a given core
located at position d was calculated using

t 5 o
n

i51
ti/(d 2 di)

2
� �

@ o
n

i51
1/(d 2 di)

2
� �

:

where n is the number of nearby cores (which varied
from 3 to 7), and i denotes a core with a known depth
to the 1954 timeline. The thickness of the sediment
impoundment changes only moderately within the lake,
ranging from 0.4 to 0.9 m along the Skuna River arm,
from 0.5 to 1.3 m along the Yalobusha River arm, and
from 0.4 to 0.8 m in the pool region.

Variations in Bulk Trace Element Chemistry
The concentrations of As, Cr, Cu, Hg, Pb, Zn, and Al

within the sediment cores, along with sediment texture
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Fig. 2. Vertical variations in 137Cs emissions and particle size (sand,
silt, and clay by mass) for sediment Cores 22, 48, and 50 (see Fig. 1
for locations). Also shown are the interpreted 1964 6 2 and
1954 timelines.
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(sand, silt, and clay), were plotted against core depth,
and four examples are shown here with the interpreted
1954 timeline (Cores 12, 16, 34, and 35; Fig. 3). Con-
centrations of these elements (average 6 SD) within
the postimpoundment sediments are as follows: 11 6
3 mg/kg for As, 21 6 7 mg/kg for Cu, 83 6 14 mg/kg
for Cr, 24 6 9 mg/kg for Pb, 66 6 20 mg/kg for Hg,
and 88 6 25 mg/kg for Zn. All of these average val-
ues fall below the consensus-based probable effect con-
centration for freshwater sediments, and all fall below
the consensus-based threshold effect concentration,
except for As and Cr (MacDonald et al., 2000). These
concentrations are comparable to and in some cases
higher than those reported previously for this reservoir
(Cooper et al., 2002) and are significantly higher than
those reported for stream channel samples within this
region (Thompson, 2005).
Statistical tests were performed on these data to de-

termine if trace element concentrations within the sedi-
ment impoundment are different from the preexisting
materials. Table 1 summarizes the results of these tests,
conducted for all sediment samples and for samples

collected only in the Skuna River arm (Cores 1, 2, 6, 8,
and 12) and only in the Yalobusha River arm (Cores 24,
27, 31, 34, 35, 36, 37; see Fig. 1). In all cases, the trace
element concentrations are statistically greater in the
post-1954 sediments (from 127 to 1188% greater) as
compared with the pre-1954 sediments, and the largest
differences are observed in the Yalobusha River arm
(all greater than 145%).

The concentrations of these elements are strongly
correlated with sediment texture, specifically clay con-
tent. Figure 4 demonstrates that element concentrations
can increase by an order of magnitude or more as sedi-
ment becomes increasingly rich in clay or high in Al
concentration. Aluminum concentration is closely asso-
ciated with clay-size aluminosilicate sediments, which
are the most important trace element–bearing phases
(Windom et al., 1989; Schropp et al., 1990). Elements
such as As, Pb, and Hg show more scatter when plotted
against clay or Al content as compared with Cu and Zn,
and this variability may be due to contributions from
organic detritus or atmospheric sources rather than
mineralogic sources (Daskalakis and O’Connor, 1995).
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Fig. 3. Vertical variations in trace element concentration (As, Cr, Cu, Hg, Pb, Zn, and Al) and sediment texture (sand, silt, clay; from left to right)
with depth below the lake bottom for Cores 12, 16, 34, and 35. Also shown is the interpreted 1954 timeline. Note variable units. Refer to Fig. 1 for
core locations.
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In all cases, the correlation coefficients derived for
these trace element associations are statistically signif-
icant, and the correlation coefficients based on clay
content, which range from 0.71 to 0.95, are larger than
those based on Al content, which range from 0.53 to 0.77
(Fig. 4).
Because of this clear dependency of element concen-

tration on sediment texture, the vertical profiles of trace
element concentration for Cores 12, 16, 34, and 35 can
be redrafted using the mass percent of Al (Fig. 5) or clay
(Fig. 6) contained in the sample as the normalizing pa-
rameter. This normalization is often done to determine
if trace element enrichment or depletion has occurred
within the sediment samples independent of variations
in sediment texture or mineralogy (i.e., variations in the
amount of clay-sized aluminosilicates) (Windom et al.,
1989; Schropp et al., 1990; Summers et al., 1996). Sta-
tistical tests were performed on these data to determine
if the normalized trace element concentrations within
the sediment impoundment are different from the pre-

existing materials. Using all samples, the trace ele-
ments normalized by clay in the post-1954 sediments
are statistically different and lower in magnitude (from
213 to235%) as compared with the pre-1954 sediments
(Table 1). These same sediments normalized by Al,
however, show different results: As (111%) and Zn
(111%) are statistically greater and Cr (215%) is sta-
tistically lower in the post-1954 sediments as compared
with the pre-1954 sediments, whereas Cu, Hg, and Pb
show no statistical variation.

The statistical comparisons between the normalized
trace element concentrations within each arm of the res-
ervoir before and after dam construction show slightly
different results (Table 1). For the Skuna River arm,
statistically lower concentrations are observed in the
post-1954 sediments for Cr (212%) normalized by Al
and for As (216%), Cr (223%), and Hg (214%)
normalized by clay, whereas statistically higher concen-
trations are observed in the post-1954 sediments for Zn
(112%) normalized by Al. For the Yalobusha River

Table 1. Variation of mean trace element concentration (raw and normalized by Al concentration and clay content) for all sediment sam-
ples collected in Grenada Lake and only those collected in the arms of the Skuna and Yalobusha River arms before (pre-1954) and after
(post-1954) dam construction.

Trace element

Parameter Units§
Number of

sediment samples As Cr Cu Hg Pb Zn

All samples
Pre-1954 mg/kg 112 6.5 60 12 40 15 48
Post-1954 mg/kg 102 11.3 83 20 66 23 87
p Value† ,0.001¶ ,0.001 ,0.001# ,0.001# ,0.001 ,0.001
% difference‡ 174 138 167 165 153 181
Pre-1954 (mg/kg)/(Al %) 1.67 16.5 3.1 10.8 3.9 12.7
Post-1954 (mg/kg)/(Al %) 1.85 14.0 3.2 10.7 3.8 14.1
p Value 0.015 ,0.001# 0.622 0.928 0.535# 0.001#
% difference 111 215 13 21 23 111
Pre-1954 (mg/kg)/(clay %) 0.30 3.04 0.57 1.96 0.71 2.34
Post-1954 (mg/kg)/(clay %) 0.26 1.98 0.45 1.50 0.54 1.97
p Value ,0.001 ,0.001# 0.001 ,0.001# ,0.001 ,0.001#
% difference 213 235 221 223 224 216

Skuna River arm only
Pre-1954 mg/kg 64 7.3 64 13 39 16 50
Post-1954 mg/kg 49 9.6 81 18 55 23 80
p Value ,0.001 ,0.001# 0.042 ,0.001 ,0.001# ,0.001#
% difference 132 127 138 141 144 160
Pre-1954 mg/kg/(Al %) 1.95 17.4 3.5 10.4 4.3 13.2
Post-1954 mg/kg/(Al %) 1.82 15.3 3.3 10.3 4.4 14.8
p Value 0.278 0.001# 0.813 0.743# 0.731 0.004#
% difference 27 212 26 21 12 112
Pre-1954 (mg/kg)/(clay %) 0.31 2.83 0.55 1.69 0.70 2.13
Post-1954 (mg/kg)/(clay %) 0.26 2.19 0.47 1.45 0.64 2.10
p Value 0.007 ,0.001 0.345 0.009# 0.117# 0.706
% difference 216 223 215 214 29 21

Yalobusha River arm only
Pre-1954 mg/kg 31 5.0 55 10 34 12 41
Post-1954 mg/kg 31 10.9 80 19 62 20 81
p Value ,0.001 ,0.001# ,0.001# ,0.001 ,0.001# ,0.001#
% difference 1118 145 190 182 167 198
Pre-1954 (mg/kg)/(Al %) 1.47 17.1 3.1 10.6 3.7 12.6
Post-1954 (mg/kg)/(Al %) 1.81 13.6 3.1 10.3 3.3 13.2
p Value ,0.001 ,0.001 0.866 0.555 0.036# 0.125#
% difference 123 220 0 23 211 5
Pre-1954 (mg/kg)/(clay %) 0.29 3.47 0.63 2.14 0.75 2.55
Post-1954 (mg/kg)/(clay %) 0.27 2.04 0.46 1.55 0.50 1.98
p Value 0.167 ,0.001# 0.002# ,0.001# ,0.001# ,0.001#
% difference 27 241 227 228 233 222

†Probability p from t test.
‡Percentage difference in the concentration from pre-1954 to post-1954.
§Units are as follows: mg/kg for all trace elements except Hg (mg/kg); (mg/kg)/(Al %) is the concentration of trace element divided by mass concentration
of Al in same sample ([mg/kg]/[Al %] for Hg), and (mg/kg)/(clay %) is concentration of trace element divided by content by mass of clay in same sample
([mg/kg]/[clay %] for Hg).

¶ Italic type identifies elements that show statistical significance ( p , 0.05).
#F test for equal variance was rejected (p , 0.1), and the t test for samples with unequal variances was used.
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arm, statistically lower concentrations are observed in
the post-1954 sediments for Cr (220%) and Pb (211%)
normalized by Al and for Cr (241%), Cu (227%), Hg
(228%), Pb (233%), and Zn (222%) normalized by
clay. The concentration of As is statistically greater
(123%) in the post-1954 sediments of the Yalobusha
River arm normalized by Al.
In summary, all trace elements in the post-1954

sediments when normalized by clay content were statis-
tically lower in concentration as compared with the pre-

1954 sediments using all samples. Normalizing the trace
element signatures by Al and clay did not guarantee the
same result for specific elements in specific locations. In
some cases, opposing statistical step-changes are ob-
served (e.g., As and Zn results using all samples; see
Table 1). The normalizations using clay show the most
consistent results (i.e., lower normalized concentrations
in the post-1954 sediments). This is consistent with the
previous observation that the correlation between trace
element concentration and clay content is stronger than
that observed between trace element concentration and
Al content (Fig. 3).

Variations in Vertical (Temporal) Trace
Element Chemistry

Because the 1954 timeline is definable in all sediment
cores, the vertical variation in trace element concentra-
tion can be used as a surrogate for temporal variation in
chemical signatures. Nonparametric statistical analysis
was performed on all sediment core data to determine if
trace element concentrations normalized by Al or clay
show any statistically significant trend with core depth.
Although this analysis was conducted for all cores with
chemical data, Table 2 summarizes only statistical results
for cores with seven or more samples.

Of the 120 analyses performed on these normalized
trace elements, 17 (14%) showed a statistically sig-
nificant trend with core depth. Statistically significant
trends in elements normalized by clay (10 of 60, or
17%) were slightly more abundant than those normal-
ized by Al (7 of 60, or 12%). Only in two cores (Cores
27 and 37) and for one trace element (Cr) were statisti-
cally significant trends observed for both normaliza-
tions, albeit in opposing directions. Of the 17 statistically
significant trends, 14 (82%) show that the normalized
trace element concentration decreases with depth (i.e.,
increases with time since dam construction), whereas
three (18%) show that the concentration increases with
depth (i.e., decreases with time). The most common
trace element showing statistically significant vertical
trends is Cr (25%), followed by Zn (20%), As (15%),
Cu (15%), Hg (5%), and Pb (5%). The largest per-
centage of statistically significant trends occurs in Cores
27 (42%, mostly those normalized by Al), 31 (33%,
mostly those normalized by clay), and 35 (16%).

These results highlight three important observations.
First, there are markedly more statistical analyses that
show no vertical trend than those that do (by a factor of
six). As such, variation in trace element concentration
over time is the exception rather than the rule. Second,
the two cores that have the largest percentage of statisti-
cally significant trends, Cores 27 and 31, are restricted in
space to the upper reaches of the Yalobusha River arm
(Fig. 1). No such trends were observed along the Skuna
River arm (Cores 2, 12, and 48), and few trends were ob-
served in the pool region (Core 16). Third, the certainty
of these conclusions was greatly enhanced by the large
number of cores analyzed here. The analysis of fewer
cores might have resulted in erroneous interpretations
and conclusions.
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Implications for Regional Trends in
Sediment-Associated Trace Element Loadings

to Reservoirs
The concentrations of sediment-associated trace ele-

ments impounded within Grenada Lake since dam
construction are significantly higher than those observed
in the preexisting materials. This difference is due to the
dominance of clay and clay-sized materials sequestered
within the impoundment since 1954. However, these
same chemical signatures, once normalized by texture
(clay) and composition (Al), are in general statistically
lower in concentration than those within the preexisting
(in situ) materials and show virtually no change ver-
tically within the reservoir impoundment. This invari-
ance occurs despite active geomorphic processes and
land-use activities within the drainage basin that could
alter such loadings to the reservoir. The sediment sam-

ple size used here (0.1 m) is rather coarse, and a finer
sampling interval for chemical analysis may have yielded
more time-sensitive results.

This observation suggests that the sources of these
trace elements, whether natural or anthropogenic, have
not changed appreciably over the lifespan of the res-
ervoir because few trends are observed in normalized
trace element concentration within the post-1954 sedi-
ments. These results highlight two difficulties in using
reservoir sediments as environmental archives in rela-
tively large drainage basins. First, sediment-delivery
ratios are known to be inversely related to drainage
basin area (Walling, 1983), and it is hypothesized here
that large spatial scales attenuate and homogenize tem-
poral variations in sediment-associated trace element
loadings related to specific anthropogenic activities and
source areas. That is, a relatively large signal would be
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required to create an observable change in trace ele-
ment concentrations within the sediment impoundment
of Grenada Lake. Thus, much sediment, along with their
contaminants, may remain stored in upstream environs
and may be remobilized in the future (Bennett et al.,
2005). Second, sediment-associated trace element data
must be placed into an appropriate context for inter-
pretation. Trace element concentration is strongly cor-
related with sediment texture, and high concentrations
of a particular trace element of interest in a reservoir
impoundment may be the result of the relatively high
clay content of the sample. Normalizing such trace ele-
ment data by clay content and composition would facili-
tate in the assessment of sediment and water quality
issues in reservoirs and watersheds.
Bennett et al. (2005) constructed a simple budget

for the sediment eroded from the boundaries of the
Yalobusha River, the sediment impounded within the

Yalobusha River arm of Grenada Lake, and the sedi-
ment that exited the spillway. They showed that 75% or
more of the sediment eroded along the Yalobusha River
remains stored upstream of the reservoir. Because the
sediment that does reach the reservoir is dominated
by clay-sized materials, all of the coarser fractions of
the load carried by the Yalobusha River are hydrau-
lically sorted and deposited upstream of the reser-
voir. This clay-enriched sediment entering the reservoir
now has covered the silt-dominated soils of the pre-
existing landscape.

Implications for Interpreting Sediment-Associated
Contamination in Reservoirs

Bioaccumulation of Hg, As, and agrichemicals in
fish has been documented in this water body and in a
similarly constructed reservoir nearby (Enid Lake). Un-
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like urban centers, industrial corridors, or mining re-
gions, only three possible sources exist for these trace
elements in Grenada Lake: (i) chemical applications on
upland areas, (ii) atmospheric deposition, and (iii) nat-
ural (mineralogic) materials. According to the U.S.
Department of Agriculture’s National Agricultural Sta-
tistics Service, the state of Mississippi used in excess of
465 tonnes per year of monosodium methanearsonate
(CH4AsNaO3) on cotton cropland as a grass herbicide
during the 1990s. Monosodium methanearsonate could
be a potential source of As in Grenada Lake, especially
from cultivated regions of the Yalobusha River basin
(Bednar et al., 2002). Smedley and Kinniburgh (2002)
and Oremland and Stolz (2003) also note the broad
range of natural (mineralogic) sources of As in the en-
vironment and the geochemical and microbial processes
that affect As concentration in lake and pore waters.
It also has been suggested that atmospheric deposi-
tion was at least partially responsible for Hg enrichment
in the sediments and fish tissues of Enid Lake (Huggett
et al., 2001), and it seems likely that this occurred in
Grenada Lake.
Sedimentologic and ecologic indices within Grenada

Lake demonstrate some level of impairment and deg-

radation. The key determinant in this degradation is
the transport and deposition of clay minerals or clay-
sized materials as trace elements adsorbed onto these
materials (sediment transport as the primary pathway)
or as part of the mineralogic structure (sediment as the
primary source). The sequestration of these sediment
fractions in the lake, with their significantly higher
trace-element concentrations, has played an important
role in the bioaccumulation of sediment-associated
trace elements and compounds within local fish
populations (Mayer et al., 1996; Cope et al., 1999).

CONCLUSIONS
Grenada Lake is a relatively large flood control reser-

voir in north-central Mississippi that provides significant
recreational opportunities for local and national commu-
nities. Grenada Lake and its tributaries currently have
fish consumption advisories, and the watershed has a
long history of erosion and channel instability.

Coring, stratigraphic, and geochemical analyses were
used to examine the temporal and spatial trends in
sediment-associated trace element concentrations within
the reservoir impoundment. Since dam construction in

Table 2. Results of vertical trend analysis for trace elements normalized by Al and clay within select cores, summarizing Kendall’s t and
probability p for each.

Trace element

Core
Number of

sediment samples Normalization Statistic As Cr Cu Hg Pb Zn

2 7 Al t† 0.524 20.429 0.143 0.429 0.429 0.143
p 0.099 0.176 0.652 0.176 0.176 0.652

clay t 0.429 20.333 0.143 0.333 0.238 0.143
p 0.176 0.293 0.652 0.293 0.453 0.652

12 9 Al t 0.333 0.278 0.167 0.278 0.167 0.167
p 0.211 0.297 0.532 0.297 0.532 0.532

clay t 0.111 0.167 20.167 0.222 0.167 0.000
p 0.677 0.532 0.532 0.404 0.532 1.000

16 8 Al t 0.071 0.143 20.214 20.143 0.286 20.071
p 0.805 0.621 0.458 0.621 0.322 0.805

clay t 0.071 0.071 20.714 20.429 20.071 20.786
p 0.805 0.805 0.013 0.138 0.805 0.006

27 8 Al t 20.714‡ 20.571 20.214 20.500 20.714 20.643
p 0.013 0.048 0.458 0.083 0.013 0.026

clay t 20.500 20.571 20.214 20.214 20.500 20.143
p 0.083 0.048 0.458 0.458 0.083 0.621

31 13 Al t 0.154 0.077 0.205 0.103 0.154 0.205
p 0.464 0.714 0.329 0.625 0.464 0.329

clay t 20.436 20.513 20.051 20.538 20.103 20.436
p 0.038 0.015 0.807 0.010 0.625 0.038

34 8 Al t 0.000 0.000 20.714 20.357 0.000 20.357
p 1.000 1.000 0.013 0.216 1.000 0.216

clay t 20.071 0.429 0.000 20.214 0.071 20.429
p 0.805 0.138 1.000 0.458 0.805 0.138

35 8 Al t 0.357 20.143 0.071 0.214 0.357 0.571
p 0.216 0.621 0.805 0.458 0.216 0.048

clay t 20.714 20.429 20.714 20.429 0.071 20.214
p 0.013 0.138 0.013 0.138 0.805 0.458

36 12 Al t 20.121 20.394 20.152 20.061 20.121 20.242
p 0.583 0.075 0.493 0.784 0.583 0.273

clay t 20.091 20.273 20.182 20.061 20.182 20.333
p 0.681 0.217 0.411 0.784 0.411 0.131

37 10 Al t 0.422 0.511 0.022 0.244 0.200 0.422
p 0.089 0.040 0.929 0.325 0.421 0.089

clay t 0.200 0.644 20.422 0.067 20.244 20.378
p 0.421 0.009 0.089 0.788 0.325 0.128

48 8 Al t 20.429 20.429 20.357 20.500 20.286 20.357
p 0.138 0.138 0.216 0.083 0.322 0.216

clay t 20.429 20.357 20.286 0.429 0.143 20.357
p 0.138 0.216 0.322 0.138 0.621 0.216

†A positive t means that the normalized concentration increases with depth; a negative t means that the normalized concentration decreases with depth.
‡ Italic type means the trend is significant (p , 0.05).
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1954, the reservoir has sequestered sediments markedly
enriched in clay and depleted in silt as compared with
the preexisting sediments, and these sequestered sedi-
ments have statistically higher concentrations of select
trace elements. However, if the chemical signatures are
normalized by clay or aluminum content, then all nor-
malized trace element concentrations in the post-1954
sediments are statistically lower than the pre-1954 sedi-
ments or show no difference. Moreover, these post-1954
normalized concentrations show no variation vertically
within each core (over time) or across the basin (over
space). This suggests that sediment-associated trace
element loadings to Grenada Lake have not changed
appreciably over the life of the reservoir despite changes
in upstream land use and management.
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